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Abstract  24 
The main cause of mastitis, one of the most costly diseases in the dairy industry, is 25 
bacterial intramammary infection. Many of these bacteria are biofilm formers. Biofilms 26 
have been associated with resistance to antibiotics and to the host immune system. Here, 27 
we evaluated different experimental models representing bacterial biofilm lifestyle with 28 
the aim to study bacterial invasion into bovine mammary ephitelial cells and the 29 
interaction of these cells with planktonic or biofilm Staphylococcus aureus. 30 
Staphylococcus aureus V329, its nonbiofilm-forming mutant and bovine mammary 31 
alveolar cells (MAC-T) were used. Bacterial invasion was studied using the gentamicin 32 
exclusion test, cell viability by trypan blue exclusion technique, TLR2 expression by 33 
flow cytometry, IL1β/IL6 production by ELISA and IL8/TNFα gene expression by real-34 
time polymerase chain reaction.  Biofilm and plankto ic S. aureus showed differences 35 
in their invasion ability, with the biofilm mode showing a lower ability. Planktonic S. 36 
aureus reduced MAC-T viability after 6 h of co-culture, while biofilms did so at 24 h. 37 
MAC-T infected with planktonic bacteria showed increased TLR2 expression. Both 38 
lifestyles increased IL8 expression and IL1β/IL6 production but did not modify TNFα 39 
expression. Our results demonstrate that the bacteri l lifestyle affects the invasion 40 
behavior, suggesting that biofilms reduce the bacteria-epithelial cell interaction. 41 
Planktonic cultures seem to induce higher cellular activation than biofilms. Further 42 
knowledge about the complex host-biofilm interaction is necessary to design more 43 
efficient therapies against bovine mastitis. 44 
 45 
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1. Introduction 49 
Mastitis is one of the most costly diseases in the dairy industry. The main cause of 50 
mastitis is the intramammary infection produced by bacteria such as Staphylococcus 51 
aureus, Streptococcus uberis, Escherichia coli and coagulase negative Staphylococcus 52 
[1]. The severity and outcome of the intramammary infection depend on several factors, 53 
including the host innate resistance and immune status. The host immune response can 54 
vary depending on both the species and the strain of the infecting bacterium [1]. The 55 
intramammary infection caused by S. aureus mostly induces subclinical mastitis, which 56 
may result in a chronic disease and lifelong persistence of the pathogen [2].  57 
In the last two decades, the observation that bacteri  present in most biological systems 58 
exist in biofilms rather than in a free-living (or planktonic) state has led to a 59 
revolutionary paradigm shift in the field of microbi logy [3]. Biofilm-forming bacteria 60 
are encased into extracellular polymeric substances, which allow them to be highly 61 
tolerant to antibiotics as well as to the host immune response. In addition, bacteria 62 
growing within biofilms behave differently from those growing in planktonic cultures, 63 
which suggests that biofilm communities have emerging properties that cannot be 64 
predicted from the study of free-living bacterial ce ls [4]. Persistent infections in plants, 65 
animals and humans, as well as in medical devices and implants, are caused by 66 
microorganisms in biofilm form [4,5]. Consequently, a considerable research effort has 67 
been made to develop novel experimental methods to replicate bacterial biofilms in 68 
vitro [3]. 69 
In veterinarian research, in vitro studies are extremely needed because animal use mut 70 
be avoided as much as possible to promote animal welfare [6]. Then, in vitro co-cultures 71 
of prokaryotes and eukaryotes represent important tools to acquire empirical data about 72 










versatility and numerous benefits, these models show some limitations, as they do not 74 
allow evaluating the interactions with other cells such as those of the host immune 75 
system or commensal flora [7].  76 
Resident mammary epithelial cells (MECs) are proposed to be key primary actors in the 77 
initiation of a species-associated response [8–10]. Several studies have evaluated the 78 
capacity of S. aureus isolates from bovine mastitis to produce biofilm and its ability to 79 
adhere and invade bovine MECs [11–14]. However, few studies have addressed the role 80 
of epithelial cells in the immunity of the mammary gland against biofilm-forming 81 
mastitis pathogens.  82 
Some of the most important etiological agents of bovine mastitis are staphylococci due 83 
to their virulence factors such as their ability to penetrate inside MECs and to form 84 
biofilm [12]. Polysaccharide intercellular adhesin, a component of S. aureus biofilms, 85 
has been detected in udders from S. aureus-infected cows [15]. Moreover, all the 209 86 
Staphylococcus spp. isolated from bovine mastitis in our group have been found to 87 
produce biofilm in vitro [16]. Then, the biofilm lifestyle could represent an important 88 
virulence factor of bacteria to persist within the bovine mammary gland. Recently, Fang 89 
et al. studied the genome-wide expression of mRNAs and miRNAs in bovine mammary 90 
gland cells after 24 h of intramammary infection with either high or low concentrations 91 
of S. aureus and, in those infected with high concentrations of S. aureus, they identified 92 
194 highly-confident responsive genes, predominantly involved in pathways and 93 
biological processes related to the innate immune system, such as cytokine-cytokine 94 
receptor interaction and inflammatory response [17]. Previous studies have suggested 95 
that TLRs mediate the innate immune recognition of staphylococcal species during 96 










TLR2 and TLR9 recognition [18]. TLR2 is important i the defense against S. aureus 98 
and recognizes lipoproteins present on the bacteria [19]. 99 
In most of the studies conducted to date, bacteria-host interactions involve bacteria in 100 
their planktonic state. However, considering that epi helial cells actively contribute to 101 
the innate immune system, virulence factors such as t e biofilm lifestyle are relevant to 102 
assess the outcome of staphylococcal infection. Therefore, knowledge about the host-103 
biofilm interaction might lead to the design of new and more efficient therapies. Thus, 104 
the aim of this study was to compare different in vitro experimental models to represent 105 
bacterial biofilm lifestyle (planktonic growth, dislodged biofilms and established 106 
biofilms) that allow us to study bacterial invasion into bovine MECs. Additionally, we 107 
studied the interaction of bovine MECs with planktonic or biofilm S. aureus.  108 
 109 
2. Materials and methods  110 
2.1. Bacterial strains, cell line and growth conditons  111 
The well-characterized S. aureus V329 strain isolated from cows with subclinical 112 
mastitis and its nonbiofilm-forming double mutant S. aureus V329 ΔbapΔica were used 113 
in this study [13,20]. Staphylococcus aureus Newbould 305 (ATCC 29740) was 114 
included as an invasive strain for invasion assays [21]. Bacteria were routinely grown in 115 
trypticase soy broth (TSB) containing 0.25 % glucose and agar (TSA) (Britania. Buenos 116 
Aires, Argentina).  117 
The established bovine cell line produced from mammry alveolar cells (MAC-T) [22] 118 
was cultured as detailed in Isaac et al. [23].  119 
2.2. Bacterial invasion in different co-culture models 120 
To evaluate the response of eukaryotic cells to planktonic or biofilm bacterial infection, 121 










planktonic, dislodged biofilms and established biofilms [13,24–26]. These models are 123 
described below and schematically represented in Figure 1. 124 
<Figure 1> 125 
For the bacterial invasion assay, MAC-T cells were se ded in 96-well plates at 5×104 126 
cells/well and allowed to attach for 24 h. Bacteria representing planktonic or biofilm 127 
lifestyles were added, and internalized bacteria were counted. Planktonic growth was 128 
compared to biofilm lifestyle represented by three variants: S. aureus V329 biofilm-129 
forming in planktonic mode, dislodged biofilm and established biofilm-. 130 
Model 1: Planktonic mode (P). Bovine cells were infected with S. aureus V329 or its 131 
nonbiofilm-forming mutant, S. aureus V329 ΔbapΔica, in planktonic mode [13,26]. 132 
Bacteria were inoculated into TSB and incubated overnight at 37°C. Cultures were then 133 
diluted to 0.5 in the McFarland scale and colony forming units (CFU) were determined 134 
by plate count on TSA. A final dilution was made to reach a multiplicity of infection 135 
(MOI) of 100 bacteria per cell. The bacterial invasion by S. aureus V329 ΔbapΔica was 136 
compared whit that S. aureus V329, both in planktonic mode, at the same MOI.  137 
Model 2: Dislodged Biofilm mode (DB). Dislodged biofilm was obtained according to 138 
Daw et al. [24]. Briefly, S. aureus V329 was grown overnight in TSB at 37°C. The 139 
culture was diluted in TSB to 0.5 in the McFarland scale and 10 mL of this bacterial 140 
suspension was dispensed into a 100 mm x 20 mm TC-treated culture polystyrene dish 141 
(Corning®, Corning, NY, USA) to allow biofilm formation. After incubation (37°C, 24 142 
h), the medium with non-adhered bacteria was discarded and the plate was washed 143 
twice with sterile phosphate buffered saline (PBS). Adhered bacterial cells were 144 
resuspended in 5 mL of TSB, dislodged with a cell scraper and vortexed to disrupt 145 
clumps. The CFU of the dislodged biofilm were determined by plating serial dilutions 146 










as appropriate to infect the eukaryote cells. The bacterial invasion by the dislodged 148 
biofilm was compared with that by planktonic S. aureus V329 at the same MOI. 149 
Model 3: Established Biofilm mode (B). Bacterial biofilms were obtained using the 150 
MBECTM Biofilm Inoculator (Innovotech. Edmonton, AB, Canada), a 96-peg lid device 151 
used to grow biofilms in a multi-well microplate aspreviously described [25]. The 152 
culture was diluted in TSB to 0.5 in the McFarland scale and 150 µL of this aliquot was 153 
dispensed into each well to allow biofilm formation. The bacterial load on the pegs was 154 
calculated according to Bowler et al. [25]. Briefly, after 24 h of incubation with S. 155 
aureus, the pegs were removed and washed with PBS, placed into 200 μL of PBS and 156 
sonicated for 5 min. Then, the bacterial suspension was vortexed and subjected to 157 
sequential 10-fold dilutions that were spot plated an  counted to know the number of 158 
CFU per peg. In this way, the MOI of 100 bacteria per cell was known in biofilm 159 
lifestyle. The lid with the biofilms on the pegs was placed on a 96-well microplate with 160 
MAC-T cells and co-cultures were incubated. The bacterial invasion by the established 161 
biofilm was compared with that by planktonic S. aureus V329 at the same MOI.  162 
After 2 h at 37°C of co-culture, the bacterial invasion was determined in the different 163 
experimental models using the gentamicin exclusion assay according to Valle et al. with 164 
modifications [13]. Then, the medium of the co-cultures was replaced with Dulbecco's 165 
Modified Eagle Medium (DMEM; Gibco. Grand Island, NY, USA) containing 100 166 
μg/mL of gentamicin for 1 h to kill extracellular oradhered bacteria. Then, bacterial cell 167 
count was evaluated after eukaryotic cell lysing with 1 % Triton X-100 (Sigma-Aldrich. 168 
St. Louis, MO, USA). Intracellular bacterial count was determined by plate count in 169 
TSA for 24 h at 37ºC and expressed as Log CFU/mL. 170 










Viability of uninfected MAC-T cells and MAC-T cells infected with planktonic or 172 
biofilm S. aureus V329 was studied by the trypan blue exclusion test of cell viability, 173 
using a Neubauer chamber [27] at different co-culture imes, using experimental model 174 
3. 175 
2.4. Cellular immune mediators released in response to planktonic or biofilm  S. 176 
aureus  177 
The key mediators of the immune response of MAC-T cells to S. aureus V329 in 178 
planktonic or biofilm lifestyle was studied according to model 3, using the MBECTM 179 
Biofilm Inoculator. 180 
2.4.1. Toll-like receptor (TLR) 2 expression 181 
TLR2 surface expression in MAC-T cells was evaluated by flow cytometry. MAC-T 182 
cells were grown in DMEM medium (Control condition) or co-cultured with S. aureus 183 
in planktonic or biofilm mode. Bacterial infection was performed at a MOI of 100 184 
bacteria per cell, at 37 °C for 2 and 4 h. TLR2 (CD282) expression was assessed by 185 
staining with human anti-bovine CD282:Alexa Fluor® 647 (BIO-RAD, Hercules, CA, 186 
USA) for 30 min at 4 °C in the dark. Cell suspensions were acquired on a BD Accuri™ 187 
C6 flow cytometer (BD Biosciences, San José, CA, USA) and the data were analyzed 188 
using FlowJo software V 7.6.2 (Tree Star Inc., Ashland, OR, USA). 189 
2.4.2. Expression and production of cytokines 190 
2.4.2.1. Tumor Necrosis Factor alpha (TNFα) and Interleukins (IL) 8 expression 191 
TNFα and IL8 mRNA levels were measured by reverse transcription quantitative 192 
polymerase chain reaction (RT-qPCR). 193 
Total RNA was isolated from MAC-T cells after 4 h of co-culture and DNase treated 194 
using the EasyPure RNA kit (TransGen Biotech Co., Beijing, China) according to the 195 









using a microliter spectrophotometer (Picodrop, Hinxto , UK) and by visualization on a 197 
denaturing agarose gel. The RNA was stored at -80 ◦C until use. 198 
Total RNA (100 ng) was used for RT-qPCR, which was c rried out using the iTaq 199 
Universal SYBR® Green One-Step Kit (BIO-RAD, Hercules, CA, USA) on a CFX96 200 
Touch Time™ PCR-Real Time (BIO-RAD, Hercules, CA, USA) according to the 201 
manufacturer’s instructions with modifications. The reaction mixture consisted of 5 µL 202 
of iTaq Universal SYBR® Green reaction mix (2X), 0.094 µL iScript reverse 203 
transcriptase, 0.3 µL of 10 µM forward and reverse primers, 2 µL of template RNA and 204 
2.31 µL of nuclease-free water. The RT-qPCR reactions were initiated with a reverse 205 
transcription reaction at 50 °C for 10 min, polymerase activation and DNA denaturation 206 
at 95 °C for 1 min, followed by 40 cycles of amplification at 95 °C for 10 sec 207 
(denaturation), and 55-60 °C for 30 sec (annealing/extension plus plate read). A melting 208 
curve was performed at the end of the run according to the instrument user guide. No 209 
template controls were included for each primer pair reaction and each RT-qPCR 210 
reaction was carried out in duplicate. Amplification plots and dissociation curves were 211 
obtained with the CFX Manager Software version 2.1 (BIO-RAD, Hercules, CA, USA). 212 
The baseline and Cq were automatically determined by the software. Gene-specific 213 
amplification was confirmed by a single peak in the m lting-curve analysis. Two 214 
reference genes, β-actin and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 215 
were evaluated. The sequences of the oligonucleotides used in this study and the 216 
amplicon lengths are shown in Table 1. The relative changes in gene expression data of 217 
TNFα and IL8 were calculated using the threshold cycle method (2-ΔΔCT) with untreated 218 
samples as controls and GAPDH as the reference gene [28]. The transcript quantities 219 
were expressed as changes (n-fold) relative to the values of the control. 220 










2.4.2.2. IL1β and IL6 secretion 222 
IL1β and IL6 concentrations in culture supernatants were measured by ELISA after 2 223 
and 4 h of infection using commercial kits (Thermo Scientific-Pierce Biotechnology, 224 
Rockford, IL, USA) following the manufacturer’s instructions. 225 
2.5. Statistical analyses  226 
All experiments were performed three times in triplicate. The results are reported as the 227 
mean ± standard error. The data were analyzed with the indpendent t-test, one-way 228 
ANOVA and Bonferroni's post-test or Kruskal-Wallis test, as appropriate. Mean values 229 
were considered significantly different at p < 0.05. The Infostat software version 2017 230 
was used for all statistical analyses [29].  231 
 232 
3. Results 233 
3.1. Invasion of MAC-T by S. aureus on different experimental models to represent 234 
bacterial biofilm lifestyle 235 
In a first step, we compared the invasion of S. aureus using the different experimental 236 
models mentioned above. The intracellular bacterial counts in MAC-T cells infected by 237 
the wild type form of S. aureus V329 (Planktonic or Dislodged Biofilm modes) and its 238 
nonbiofilm-forming mutant were similar (Fig. 2A), suggesting that the bacterial 239 
invasion was not affected by the inability to grow in biofilm or loss of biofilm structure. 240 
In contrast, the bacterial load found in MAC-T cells co-cultured with the established 241 
biofilm was significantly lower than that found in cells co-cultured with planktonic 242 
bacteria (-22 %) (Fig. 2B). This may be because the structure of the biofilm in that 243 
model may have been preserved. Taking these results into account, for the following 244 
assays, we selected the biofilm mode (obtained by the inoculator methodology) as 245 










<Figure 2> 247 
3.2. Analysis of MAC-T cell viability after infection with planktonic or biofilm  S. 248 
aureus at different co-culture times 249 
MAC-T cell viability was assessed by trypan blue exclusion test. MAC-T cells were 250 
infected with S. aureus in planktonic or biofilm mode, and uninfected MAC-T cells 251 
were used as controls. Cells were observed at 2, 4, 6 and 24 h at 37 °C. The left column 252 
in Figure 3A shows the aspect of uninfected MAC-T cells. The middle column shows a 253 
large number of free-living S. aureus V329 contacting the MAC-T cells. The right 254 
column shows fragments of S. aureus biofilms detached from the pins of the MBECTM 255 
biofilm inoculator used to obtain the established biofilm; these fragments were larger at 256 
longer infection times.  257 
Planktonic S. aureus did not affect MAC-T cell viability at 2 or 4 h of infection, but 258 
significantly reduced it at 6 h (- 69 %) (Fig. 3B). In contrast, bacterial biofilms affected 259 
cell viability significantly only after longer times, as shown at 24 h of co-culture (- 97 260 
%) (Fig. 3B). For that reason, in subsequent tests, we used co-culture times of 2 and 4 h.  261 
<Figure 3> 262 
3.3. Effect of S. aureus lifestyle on TLR2 expression in MAC-T cells  263 
We evaluated TLR2 expression in MAC-T cells co-cultured with planktonic or biofilm 264 
S. aureus V329 for 2 and 4 h by flow cytometry (Fig. 4A). We found that TLR2 265 
expression was significantly higher (4-fold) in MAC-T cells infected with planktonic S. 266 
aureus V329 for 4 h than in uninfected cells. In contrast, after the co-culture with 267 
biofilm S. aureus V329, TLR2 expression was intermediate between those conditions 268 
(Fig. 4B). Similar results were obtained at 2 h of c -culture (data not shown). 269 










3.4. Effect of S. aureus lifestyle on the induction of immune mediators by bovine 271 
cells 272 
Then, we evaluated transcripts of IL8 and TNFα in MAC-T cells and the production of 273 
IL6 and IL1β in supernatants after infection with planktonic or biofilm S. aureus V329. 274 
Both the planktonic cultures and the bacterial biofilm significantly increased twice IL-8 275 
mRNA levels at 4 h co-culture than those of uninfected condition (Fig. 5A). However, 276 
TNFα expression was not modified by the infection after 4 h (Fig. 5A). The planktonic 277 
cultures increased IL1β concentration in the supernatant at 2 and 4 h of co-culture (145 278 
and 84-fold respectively) and IL6 secretion at 2 h co-culture (3-fold) as compared to the 279 
uninfected condition (Fig. 5B). On the other hand, the bacterial biofilm significantly 280 
increased both IL1β and IL6 secretion at 2 h (86 and 5-fold respectively) and 4 h (150 281 
and 6-fold respectively) of co-culture (Fig. 5B).  282 
<Figure 5> 283 
 284 
4. Discussion  285 
Chronic biofilm infections have great economic impact on the dairy industry. Therefore, 286 
understanding the mechanisms whereby staphylococcal biofilms alter immune 287 
recognition pathways requires new in vitro models. In this work, we compared different 288 
experimental models (planktonic, dislodged biofilms and established biofilms) used 289 
indistinctly in research to represent bacterial biofilm lifestyle, and selected bacterial 290 
invasion as a representative parameter of biofilm-host cell interactions. The results 291 
obtained showed that the biofilm model affected bacterial invasion, suggesting that 292 
bacterial biofilms reduce the interaction with epithelial cells in vitro.  293 
It has been shown that S. aureus, S. uberis, and E. coli are able to invade and persist 294 










immune system recognition [1]. In the present study, epithelial cells showed a reduction 296 
of bacterial load when cultured with the bacterial biofilm mode. In agreement, by using 297 
Pseudomonas aeruginosa and human epithelial cells A549 as pathogen-host model, 298 
Bowler et al. found that planktonic bacteria are signif cantly more internalized than 299 
biofilms [25]. Similarly, other researchers have reported lower bacterial invasion of 300 
bovine MECs after co-culture with a biofilm-producing S. aureus strain [11,13]. In 301 
contrast, Kunyanee et al. found that the biofilm phenotype, unlike a nonbiofilm-forming 302 
mutant strain, promoted internalization ofBurkholderia pseudomallei into human 303 
epithelial A549 cells (MOI of 10, 2 h) [26]. Differnces with our findings could be 304 
attributed to the different biofilm-producing phenotype, strong for S. aureus V329 and 305 
moderate for B. pseudomallei H777. On the other hand, RAW 264.7 macrophages and 306 
JAWS II dendritic cells phagocyte intact and dislodge  Enterococcus faecalis biofilms 307 
at levels similar to or higher than the planktonic mode [24]. The differences observed 308 
could be related to the experimental model used as well as to the way in which the 309 
biofilm is represented. The dislodged biofilms studied consisted of fragments that may 310 
retain some features of the intact biofilm [30]. However, the invasion assay showed that 311 
dislodged biofilms presented no differences with planktonic bacteria, suggesting that 312 
free bacteria from dislodged biofilms can retain the characteristics of planktonic 313 
invasion. In fact, different outcomes can be expected with young newly forming 314 
biofilms as opposed to mature (24 h growth) biofilms [25], which was the model chosen 315 
in this work to represent the established biofilm. Probably, intracellular or biofilm 316 
lifestyles constitute strategies to avoid detection by professional phagocytes used by 317 
planktonic bacteria and biofilms, respectively. 318 
Planktonic S. aureus V329 bacteria affected the viability of MAC-T cells after 6 h of 319 










bacteria cause more death of A549 cells than biofilm bacteria, although the 4 h exposure 321 
to biofilm also produced cell death [25]. In contras , in our study, biofilms did not affect 322 
MAC-T viability in short co-cultures. Differences could be explained because cell death 323 
induction by S. aureus depends on the specific cell types and strains investigated, as 324 
well as on the MOI used [31].  325 
One mechanism used by biofilms to evade host immunity is to circumvent TLR2 and 326 
TLR9 recognition [32]. For S. aureus biofilms, the mechanism(s) responsible for 327 
TLR2/TLR9 evasion is/are not known but could also be explained by ligand 328 
inaccessibility. Biofilms consist of a complex three-dimensional structure with few 329 
bacteria exposed at the outer surface, which allows them to avoid detection by the 330 
pattern recognition receptors expressed on the surface of phagocytes [33]. The lower 331 
induction of TLR2 expression by S. aureus V329 biofilms observed in the present study 332 
supports the above. In agreement, it has been shown that S. aureus D30 isolated from 333 
the anterior nares of a healthy human donor promotes a delay in the up‐regulation of 334 
TLR2 receptor in nasal epithelial cells, a strategy that may enable a significant window 335 
to evade the host's innate immunity [34].  336 
Pro-inflammatory cytokines like IL1, IL6 and TNFα are major cytokines that arbitrate 337 
the inflammatory response during bovine mastitis [35]. IL6 is a key pro-inflammatory 338 
cytokine, which also has anti-inflammatory properties [35]. The chemokine IL8 339 
promotes the recruitment of neutrophils, which are potent phagocytic leukocytes, to the 340 
udder, and protection from infection is dependent o the rapid recruitment of 341 
neutrophils and subsequent phagocytosis of invading microorganisms [36]. It has been 342 
reported that staphylococcal biofilms divert the innate immune response of the host 343 
from a proinflammatory phenotype to an anti-inflammatory phenotype to promote 344 










epithelial cells, that activate the NF-κB pathway [37]. Here, S. aureus V329 in both 346 
lifestyles (planktonic and biofilm) induced IL8 expression and promoted IL1β and IL6 347 
secretion (2 h of co-culture) in levels similar in comparison whith to those of uninfected 348 
cells. TNFα expression was similar in uninfected MAC-T cells and MAC-T cells 349 
infected with S. aureus V329 in both lifestyles. Despite the differences in the ability to 350 
invade, effects on cell viability and stimulation of TLR2, biofilms were able to induce 351 
the expression of certain pro-inflammatory cytokines. Together, these results suggest 352 
that innate host defense epithelial cells recognize staphylococcal biofilms and are mildly 353 
stimulated. 354 
Staphylococcal biofilms escape immune recognition thanks to their chronic and indolent 355 
nature and may shift the host immune response from a proinflammatory bactericidal 356 
phenotype toward an anti-inflammatory response that favors bacterial persistence [18]. 357 
It is possible that the IL6 induction here observed in MAC-T cells co-cultured with S. 358 
aureus on biofilm mode (4 h of co-culture) is related to the anti-inflammatory response. 359 
In fact, IL6 is a pleiotropic cytokine with pro- and anti-inflammatory properties and, in 360 
several mouse models, IL6 classical signaling is essential to induce the regeneration of 361 
epithelial cells after damage [38].  362 
As mentioned in the introduction of the work, it has been postulated that the bacterial 363 
biofilm lifestyle would be an escape route for pathogens, which would allow bacteria 364 
not to be recognized by the host's immune system and not to be affected by 365 
antimicrobial therapies. However, finding in vivo evidence of Staphylococcus biofilm 366 
formation in the bovine mammary gland and studying its implication in the 367 
development of mastitis is very complex. Our group has reported that Staphylococcus 368 
spp. isolates from bovine mastitis have the ability to form biofilms in vitro [16]. In this 369 










epithelial cells and the induced immune response. Given the difficulties of evaluating 371 
this interaction, we used three experimental models and demonstrated that bacteria 372 
released from biofilms were able to internalize in bovine mammary epithelial cells and 373 
stimulate mediators of the innate immune response. Although we expected to observe 374 
greater differences between the lifestyles of these pathogens, biofilms presented certain 375 
differences in their interaction with host cells, which must be considered to combat their 376 
resistance to current therapies, being a challenge to study them in vivo. Finally, the 377 
results of this work highlight the importance of developing models that allow studying 378 
the interactions between bacterial biofilms and host cells to find more clues that can be 379 
used in the development of anti-biofilm strategies. 380 
 381 
5. Conclusion 382 
The results of this study corroborate that the recognition and initiation of the innate 383 
immune response depend on the bacterial lifestyle. Our results showed differences in 384 
how the biofilms invaded and affected the viability of bovine MECs. In addition, TLR2 385 
expression in MAC-T cells was less stimulated by biofilms than by planktonic bacteria. 386 
Nevertheless, biofilms were able to stimulate key mediators of the immune response in 387 
levels comparable to planktonic cultures, suggesting hat biofilms could stimulate a 388 
differential delayed response. Additional studies are needed to investigate the 389 
mechanisms that lead to the impairment of the host re ponse upon contact with 390 
Staphylococcus spp. biofilms. Taking into account that staphylococcal biofilms are 391 
considered a significant virulence factor in persistent and chronic infections, biofilm-392 
host interactions should be better understood to develop new strategies to treat them. In 393 
summary, our findings try to compare the different xperimental models and shed new 394 










planktonic cultures. These data can lay the basis to be ter understand the behavior of 396 
bacterial biofilms and their interaction with MECs. 397 
 398 
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Figure legends  569 
Figure 1. Schematic representation of the different experimental models used to 570 
represent bacterial biofilm lifestyle to study bacterial invasion.   571 
Figure 2. Bacterial invasion of bovine epithelial cells under different experimental 572 
models to represent bacterial biofilm lifestyle. Staphylococcus aureus invasion was 573 
compared after 2 h of co-culture with MAC-T cells at a MOI of 100 bacteria per cell. A) 574 
Planktonic (P) and dislodged biofilm (DB), Staphylococcus aureus Newbould 305 strain 575 
(ATCC 29740) was included as control of invasion. B) Planktonic (P) and Established 576 
Biofilm (B). Different letters show significant differences (p < 0.05). 577 
Figure 3. Viability of MAC-T cells uninfected or infected with planktonic or 578 
biofilm S. aureus V329 (MOI of 100) at different co-culture times. (A) 579 
Photomicrographs of MAC-T cells. 10x magnification, scale bar: 160 µm. (B) The 580 
trypan blue exclusion test was used to study MAC-T cell viability. Different letters 581 
show significant differences (p < 0.05). P: Planktonic, B: Established Biofilm. 582 
Figure 4. TLR2 expression in MAC-T cells uninfected or infected with planktonic 583 
or biofilm  S. aureus V329 (MOI of 100, 4 h co-culture). (A) Representative dot plot 584 
and histograms of negative controls and infected MAC-T cells. (B) Percentage of 585 
TLR2-positive MAC-T cells. Different letters show significant differences (p < 0.05). P: 586 
Planktonic, B: Established Biofilm. 587 
Figure 5. Expression and production of cytokines by MAC-T cells after infection 588 
with planktonic or biofilm S. aureus V329. (A) The RNA of MAC-T cells was 589 
isolated after 4 h of co-culture with planktonic or biofilm S. aureus V329. TNFα and 590 
IL8 mRNA levels were determined by reverse transcription quantitative polymerase 591 
chain reaction. (B) IL1β and IL6 concentrations were analyzed in culture supernatants 592 










by ELISA. Different letters show significant differences (p < 0.05). P: Planktonic, B: 594 






































































































































































































































































































Incidence of biofilms in bovine mastitis demands innovative research strategies 
Different experimental models representing bacterial biofilm lifestyle were evaluated 
Biofilms reduce the bacteria-epithelial cell interaction 
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